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Using a resistance monitoring technique, the oxidation rate of electrically

heated molybdenum and tungsten filaments has been studied over a wide range

of oxygen atom concent:ations 2 o—f—=9=r'10“"‘!‘crr) and surface temp-
0
eratures (.lﬂﬂ-ﬂ-—&-_‘:—?—f_—&b&&qﬂ at flow rates such that the observeu oxidation

kinetics are not falsified by diffusional limitations. Partially dissc. .ted streams
are prouuced in the pressure range 0.7-10 Torr using ¢ microwave discharge

and O-atom concentrations are dete :mined using the N(); light titraiion technique.
Under the condiiivas investigaied the oxides of molybdenuin ans tungsten volatilize
as rapidly as they are formed and the unprotected meta) iz subjected to direct
attack by oxygen atoms. On molybdenum 1nd tungsten surfaces oxidation pro-
babilities for atomic oxygen arn focnd to be higher than corresponding values

fo. imolecular (diator-i.) oxygen by up to one to two orders of magnitude, ‘vhereas
the corresponding activation energies are considerably lower. wnoxeover, while
oe:; ;-E‘;a{" of the pressure dependence of the rates reveal complex departures
from simple T'power-law kinetica'T for Ozyattack, the O-atom data reported hone

follow simple first order kinetics. _Thelowered activation energy and first orde.

kinetics observed in this worlk suggest\that the enhanced oxidation probability
exhibited by O-atoms on both molybdenum 2nd tungsten is due to direct (Rideal-
type) attack of O-atomns on chemisorbed O-aton\rather than rerely the result

of an increased steady state oxygen adatom coverage associated with an increased

sticking probability.

ii




TN-61
£

&
TABLE OF CONTENTS 4«‘%
ABSTRACT v v o ot e e e e e e e s s s
30 PLANS = « o v e e e e e e e e e e e e e e e e

1. INTRODUCTION . . v ¢ v v 6 v v v e o v o e o o s o o o a0 o o o
1. i Materials Response in the Presence of Molerular Fragments . . .
1.2 Engineeving Applications of Refractory Metals in Oxidizing

Fnvironments . . ¢ ¢« ¢ v 0 0 s 0 b 0 e e e e e e e e e e
1.3 Kinetics and Mechanism of Refractory Metal Oxidation . . . . . .
1.4 Nature and Objectives of the Present Research Progra™ . . . . .

2, CURRENT TECHNICAL STATUS. . . « ¢« v ¢ . ¢ o o o t o s o o o o
2.1 £xperimental Techniques . . C e e e e e e e e e e e e e e
2.2 Kinetics of the Oxidat un of Molybdenum e e e e e e e e e e

2, 2a Oxidation by diatcmicoxygen . . . . &+ ¢« . ¢ ¢ 4o 0 0 e 4 e
2.2b Oxidation by oxygenatoms. . . . . . . « + « ¢ ¢« « o &+ & o
2.2c¢ Oxidation by cxcited oxygen molecules . . . . « + . « « .+ &

4. PUBLICATIONS . & + v v 4 o o v o s o o 4 v o o v o o o o 0 s o 10

-

Puﬂ‘. No.

—

SN A W W

-2

2.3 Kinetics of Oxidation of Tungsten . . . « « ¢« « ¢« ¢ ¢ 4 + « o o« o

2.3a Oxidation by diatomicoxygen . . . . « « 4 + ¢ + ¢« v o 4
2.3b O:..iuation by oxygen storns e e e e e e e e e e e e e e e

0 W™

5, ACKNOWLEDGEMENTS . . . . ¢ v v 4 o s o o o o o s+ o o o o o 10
6. REFERENCES . . . . 4 v ¢ o v o o o o o o o o o o o o« o010

iii




TM-61

LIST OF FIGURES

Fie No.

»

PRESSURES AND OXYGEN ATOM CONCENTRATIONS EXPERIENCED
DURING LIFTING RE-ENTRY

FILAMENT OXIDATION APPARATUS

PRESSURE DEPENDENCE OF MOLYBDENUM OXIDA 1iON RATES
IN NONDISSOCIATED GAS MIXTURES

DEPENDENCE OF MOLYBDENUM OXIDATICN RATE ON OXYGEWN
MOLECULE MOLE FRACTION

ARRHENIUS PLOT OF !.OLYBDENUM OX.DATION PROBABILITIES

DEPENDENCE OF MOLYBDENUM OXIDATION RATE ON OXYGEN
ATOM MOLE FRACTION

DEPENDENCE O MOLYBDEMNUM OXIDATION RATE ON PRESSURE
LEVEL AT CONSTANT OXYGEN ATOM MOLE FRACTION

PRESSURE DEPENDENCE OF TUNGSTEN OXIDATICN RATES IN
NONDISSCLLATED GAS MIXTURES

DEPENDENCE OF TUNGSTEN OXIDATION RATE ON OXYGEN
MOLECULF. MOLE FRACTION

ARRHENIUS PLOT OF TUNGSTEN OXIDATION PROBADILITIES

DEPENDENCE OF TUNGSTEN OXIDATION RATE ON PRESSURE
LEVEL AT CONSTANT OXYGEN ATOM MOLE FRACTION

iv




TN-61

1. INTROLUCTION

Refractory metais are essential tc the construction of current and anticipated
high performance rocket nuzzles, gas turbine power plants and hypersonic vehicles,
Since the oxidation rate of these mnaterials is often the property that limits their
performance, data must be accumulated on the kinetics of oxidation under extrems
environmental conditions. This inforniation is also required to make o proper
choice of materials test facilities to assure reliability and minimize the ..ced for

expensive fi-ll-scale flight testing of components.

1.1 Materials Response in the Presenc = of Molecular Fruzmerts :

Although the materials of advanced vehicles are exposed to highly reactive
moleculars fragments, the designer has not been provided with adequate basic infor-
mation on the consequences of this exnosurz. Existing heat shield calculations are
subject to large systematic errors owing to the exclusion of the kinetic effects of
oxyee. .*nr and excited molecule bombarfnent. For examplz, as 2 :«asult of
basic chemical kinetic work dcne under this program (si. Section 2) and a company-
sponsored progranm at this laboratory, it 1s now known that the oxidation probability
of O-atoms can exceed that for O, molecules incident upon molybdenum!’? tungsten
(cf. Section 2.3b) and pclyolefin surfaces? by more than an order of magnitude.

An immediate implication is that materials test procedures in which no attenticn
is paid to O-atom nouequilibri'm scaling will give an erroncous pictare of the

relative merits of structural and ablation heat shields,*

1.2 Engineering Applications cf Refractory Metals in Oxidizing Environments

Radiation cooled® refrs ctory metal alloys hold gr:at promise in the design of
light weight rocket engines, 6 particularly for applications requiring wong :iring
t.r.o8 with dimensional stability, and modulated or interruptec ‘hruz . Jimilarly,
radiation cnoled structures are efficient for parts of re-entry vehic'+» of both the
ballistic and lifting types. > Refractory metals also play an important role in the
development of turboje. er sines for long range supersonic aircraft.,” In cach of
these app'ications it 18 clear that oxi:ation rates can be catstrophic eve: 'n

undissociated gas mixtures and,for this reason, a coarings development program

1
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nas been v-Aertaken for the Air Force.%? However, uniform coatings are
difficult to oblain on complex 2z« . ‘yucr’ - shapes and coating life is adversely
affected by transient high temperature-low pressure operation.? In the event

of a localized coating fwilure, tittle is known about the rate at which the substrate
oxidizes, !° particularly in tne presence of appreciable concentrations of free
radicals and excited molecules. The surfaces of a lifting re-entry vehicle in
flight would, for example, experience the pressures and oxygen arum mole
fractions shown in the shaded region of Fig. 1. Or the basis of exp.-iments
discusscd below (Ei' Section 2!, which fall within this region of interest, it

can be said that oxygen atoms would .lay a very importaat role in determining

the oxidation rate of either molybdenum or tungster suifzces.

it has also been suggested that refractory metals such as molybdenum and
tungsten can be used unprotected, !! for short duration, expendable applications
at sufficiently low pressures., However, since a low pressure-high temperature
en-lronment is thermuadynamically conductive tc dissociation this suggestion

bea:s careful re-examination in the lighi of the work describzd beiow.

1.3 Kinetics and Mechanism of Refractory Metal Oxidation

On a fundamental level, the mechanism of refractory metal oxidation at the
pressures and temperatures of interest in propulsion applications is not well
understood for attack ty either stable molecules or atoms and free radicals. In
many cases diffusional effects have complicated or completely falsified kinetic

10s 1214

studies since the oziuition rate can become lirnited by oxygen transport

through the carrier gas (e. ., N, in the case c air) and/or product gases sur-
rounding the specimen rather than by th. true kinetics at the gas/solid interface, }°17
Thus, there has been a need for (i} kinetic s‘udies carried out in an apparatus

which allows the kinetizs of attack by both unstable as well as st~' 12 species to be
studied under diffusion-free conditions, !’ ? and (ii) clarification ¢« .e rol: o>f
transport phenomena in determining the oxidat' on rate o1 .=fiactory metals. This
will enable the correct inte:yr:tation of oxidation rate data obtained under different

experimental conditions, !’ 1517

L]
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1,4 Nature . 2d OLjectives of the Present Research Program

In Mzrch of 1962, these consideraticus led the senior author to propose a
basic research study of the rate of rofractory metal oxidation in activated gas
streams. With AFOSR support this study was initiated at AeroChem in December
of 1962 and is currently providing basic kinetic data on the «ilects of dissociation
on oxidation rates of molybdenum and tungsten over a wide range of environmental
conditions (oxygen atom concentration, surface temperature) as well as incight as to
the important role aerodynamic factors (flow rate, carrier gas identity) can play
-n actual practice. In what follows we will outline (i) the basic exparimental
technicues that have been successful.y applied to this problera at this laboratory,
(ii) the kinetic results!’? obtained during the present reporting period and their

interpretation (iii) new kinetic studies now planned in the light of (ii).
2. CURRENT TECHNICAL STATUS

11 the present program we are studying the kinetics of bothi O-atom and O,
attack of molybdenum and tungsten surfaces at high tempevature under diffusion-
free conditions 1n the same apparatus. In particular, we have found that for
molybdenum the oxidation probability for O-atom attack can exceed that for O,
attack by mure than two orders of magnitude, Since our experimental technique
and results for molybdenum ir the temperature range 1050 < T < 1500°K have
recently been described in the open literature!’ 2 we will concentrate here primarily
on our most recent work (_r_e_.__g » experiments on molybdenum oxidation at temp-
eratures above 1500°K, tungsten oxidation by O-atoms and O, and the kinetics of
excited oxygen moleculeT attack). However, a brief description of the apparatus
is given below for orientation (_c_i-. Section 2. 1) together with a summary of suv

cxperimental results (_c;f_. . Sections ” 2 and 2. 3) on

a. the absolute value of the oxidation probr.bility, ¢, " .r hoilh O 2..d G; attack

of molybdenum and t..ngsten
b, the activation energi2s for Loth O and O, attack of molybdenum and tungsten.

fcf. Section 2. 2¢

PRSPy pp—— Y mm‘umﬂuW*mi\iwv,ﬂ.nw;ﬁwm‘:eg ‘
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All of the 1 '"»rr data contained hercin (molybdenum: T > 1050°K; tungsten:
T> 1450°K) periain to the tempzra.are . - uge in which the metal oxide volatilizes

as fast as it is formed.

2.1 Experimental Technique

Our apparatus (_c_f_. Fig. 2) consists of a part vycor-part pyrex vacuum flow
system coupled to a 12 liter/sec mechanical pump.t Metered noble 7as/0, mix-~
tures are passed through a 2450 Mc/sec, 100 w microwave discharge ~=vity, down-
stream ol which the gas encounters an electrically heated tilament fed by a regulated
dc puwer supply. Simultaneous with ~ current measurement the veoltage drop across
the cantial 0. 55 cm of the filament is monitored using spring loaded contacts leading
to a recording potentiometer, During an experiment the filament is maintained at
constant temperature (i-_ 5°K) by aitering the filament power in accord with an
optical pyrometer output, thereby allowiag the decrease in filament diameter
caused by the oxidecion reactiop to be related to the increase in filament electrical
vesrctnce, ! The absolute value of the iilament surface tempers. ur: io ‘etermined
from the filament resistance in accord with its known resistivity-temperature re-
lation, O-atcm concentrations in the vicinity of the filament are obtained using the
NO, light titra.ion technique. The data reported here were obtained using com-
merically available . 381 cm (15 mil) diameter wire (Westinghouse Lamp Division,
Bloomfield, N.J.). In all cases, diffusional limitations were ruled out on the

basis of the absence of flow .ate and carrier gas effects on the oLserved rztes.

2.2 Kinetics of the Oxidation of Molybdenum

Our carlier data'? on the oxidation kinetics of unalloyc? molybdenum have been
corroborated and consid. rably extended during the precent reporting period, The

principal results in the teraperature range: 1050°K - 2600°K are reported beiow.

for sgudying the kinetics of O-atom attack of m ‘lybdenum .nd tungsten above
1500 K this capacity was increa.ed by the addition of a second 12 liter/sec
mechanical pump in parallel with the first,

B, s sty W S A o, %mi‘»},’-&. ‘
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2,2a Oxids 10n by diatomic oxyger.  With the microwave discharge off we have

studied the kinetics of O, attack vt moly .enum at high temgperature. In addition
to their intrinsic interest these data are necessary to correct data obtained with
partially dissociated oxygen for the O, contribution at high temperatures. Our
results for the presrure dependonce of the oxidation rate i~ ~ir were reported in
Ref. 19 and compared with the data of Ref. 11, Extensive measurements for
molybdenur:: oxidation by O, reveal (i) important departures from simple power-
law kinetics™ (cf., e.g., Fig. 3) (ii) that the oxidation rate at a given surface
temperature is not a function of oxygen partial pressure alone. ! This is evident
upon comparing the slopes of our ra e data in Figs. 3 :nd 4, the latter pertaining
to runs at constant pressure but variable O, mole fraction.§ §§Ra.te data at several
temperature levels are included in Fig. 4 for comparison. The activation energy
for the oxida.ion of molybdenum by O, will be discussed with reference to the

corresponding value for O-atorn attack.

2

2. . Owidation by oxygen atoms!’ Figure 5shows our results ‘nr the temp-

erature dependence of the c\xidation_}prc>ba,l:ai1ity.t ¢, defined here as the ratio of

SS)

the flux of molybdenum atoms (regardless of their chemical state of aggregation

away from the surface to the collision flux of O (or O,) with the surface.

srwe believe that these departures %ccount for the apparent scatter in the reaction
order data {4 data points) at 1073 K reported in Ref. 13,

1’contrnl experiments in, for example, partially dissociated nitrogen rule out the
possibility that the obseiv.d probability is merely a sputtering efficiency associated
with the evaporation of mel,bdenum (or tungsten) caused by the heat of atom recom-
bination

ss'I‘hi.s probability, ¢, should be distingui :hed from the fraction of the incident oxygen
atoms or molecules which react, The defin'tion adopied here has the advantage thzt,
in computations based on the observed data, no assumption regarding the
stoichiometry of the reaction product need be made. For rxz2in,.c 1f an author has
assumed that the trioxide i. the major reaction product®® then ¢ ': .efined bere)
would i;e smaller than the reportzd fraction of O, molcenies which r act by the
factor 5.

1t

computed using s.mr.e Xinetic theory (Hertz-Knudsen equation)

These data, which correspond to an order with respect t> X
the preliminary data leacding to the value 0.9 quoted in Ref. 1.

of 9.8, supercede
0,

[
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In the range 1050°K < T < 1500°K the data®a- e well represented by straight lines
on the Archenius plot, with the O-aiom aciivation energy (~ 6 Kcal/mole) being
smaller than that for O, {?6 Kcal/mole) by a factor of 4.4, At comparable arrival
rates, ¢ for O-atoms is seen to be some two orders of raagnitude higher than

for O, at 1200°K. On the average, it is seen that about one M.. atom is ejected for

every ten O-atoms striking a 1200°K filament.

At temperatures above 1500°K departures from simple Arrhenius behavior
r~cur for Loth the O-atom and O, nyidation probabilities, These departures are
most likely related to shifts in the rel: ..ve imjp.ortance of the reaction products
MuO, and MoO, (Sf_ ¢ & 8.» Ref. 21), a hypothesis which will be investigated in
greater detail during the next reporting period. At the highest temperatures
shown it appears that, on the average, every incident oxygen atom or molecule

leads to the production of one Mo(, imolecule.

' “rile studies of the prissure dependence of the rates at 1400°K and 1150°K
led to complex departures fiom first order kinetics for O, attack, " our U atom
data reveal simple fivst order kinetics (sg_. Fig., 6 wnd 7) cver the range of pres-
sures investigated thus far (2 x 10~3 < Po < 5x 10" Torr; 1 <p <5 Torr), i.e.,

¢ for the reaction is pressure independent, with O, playing no role in the kinetics.

The lower activation energy and first order kinetics strongly suggest that the
enhanced o:xtidation probability axhibited by O-atoms is due to direct attack in
accord with a Rideal-type mechanism (gas phase strikes near oxygen chemisorbed
on melybdenum) rather than wnerely the result of an increased steady stace oxygen
adatom coverage associated with an inc~eased sticking probability, Thus, for

§§

the production of MoOi(g) we envision the szquence of steps:

¥
The oxidation rate was linear in pg atone, despite the fact that ; / iy, varied by a
‘actor of ten for these experiments.

TThis mechanism may also apply to the enhanc d oxidatic~ of platinus 2

§§(g) = gas phase; (<) T soliu surface; ~-- bonds with metal lattice; § activated
complex

r
gy

T A

bl S Rl R PN R § SR R e L8 b s
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Mo (s) + Olg) = (3Mo0y) (s) (1)

followed by:

MoOy(g) (2a)
(> Moy (s) i

\,=Mo(s> + Oylg) (2b)
Since O-1itom recombination cusr. e catalyzed on metals hy a Rideal mechanism?®
( cf, Step 2b) an important implicati »a of the above oxidation mechaaism is that
a simple relatior should exist between the oxidation and 1ccorbinaiion probabilities,

This predicted relation will be investigated in our future work.

2.2c Oxidation by excited oxygen molecules We have initiated studies on the

kinetics of excited molecule attick by introducing an oxidized silver foil upstream
of "4+ molybdenum filument when the mi<rowave diccharge is on. This foil recom-
bines C-atoms produced in the discharge but admits electronically excited O,
molecules? (abkreviated hereafter as 0,*). Preliminary measurements show

that the reaction probability for O,* in the temperature range 1050 < T < 1500°K
is somewhat greater than for O, but negligible compared to the O-atom probability,
thereby validating our previous measurements, Yet the difference between O,

and O,* is great enough to study quantitatively, By varying the filament temp-
erature at constant discharge conditions the activation energy for O,* attatk has
been found to fall between that for O and O; attack, confirming the existznce of a
distinct oxidizing species. These studies will be continued drring the next

reporting period.

2.3 Kinetics of Oxidation of Tungsten

Experiments on tungsten oxidation hav: been initiated during t* ,vesent
reporting period. Our preliminary resulte, t. oe describec here, indicate many
similarities with the case of moulybdenum discussed above. In particular, we have
fcund that the oxidation probabilit; for O-atom attack of tungsten can exceed that

for O, attack by considerably move than one orde. ~f magnitude.
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2,32 Oxid.iion by diatomic oxygen In nondissociated gas mixtures of constant

composition the oxidation rate ~f tungst . at 1560°K was found to increase as the
0. 68 power of the pressure below 10 Torr, and lineariv with pressure above

10 Torr. This behavior is shown in Fig. 8, which shuuld be compared with the
siniilar trends for molybdenum already shown in Fig, 3 (C.-ve b), As in the

case of molybdenum,?

there is also a marked difference between the pressure
coefficient (0 68) below 10 Torr and the dependence of the oxidation rate cn oxygen
molecule mole fraction at constant pressure (£§ Fig. 9). This difierence indi-
cates that the rate of tungsten cxidation is not a simpie tunctio., of local O, partial
pressure alone. The activation ene ‘gy for the oxidativu of molybdenum by O, will

be discussed below with reference to the corresponding value for O-atom attack,

2.3b Oxidation by oxygen atoms  Figure 10 includes our results for the temp-

erature dependence of the tungsten oxidation probability ¢, defined as in Section
Z.2b, In the temperature range 1400°K - 1600°K the activation energy for the
au .  hy diatomic oxygen is about 32 Kzal/mole. in good 2gveerre ° with similar

data of Langmuir, ?® Eisinger® and Perkins and Crooks. art

in this same temper-
ature range we (ind that the corresponding O-atom oxidation probabilities are
higher by factors of from 50 to 20, corresponding to an activation energy for this

reaction of abcat 4 Kcal/mole,

As shown in Fig. 11, at 1570°K we have verified that the O-atom attack is

1
first order (i.e., ¢ is independent of oxygea partial pressure).g" Once again,
thelowered activation energy and first order kinetics strongly suggest that the

enhan.ed oxidation probability exhibited by O-atoms on tungsten in this temperature

§Gu1bransen et,al, . !4 report 14,3 Kcal/mole for this ; saction, however it is
readily demonstrated that all of the rate data contained in Ref. 14 zr2 subj=ct to
appreciable errors due to the presence of diffusional limitation, :u the observed
rates.

b

‘However, oxidation probabilities calculated from the c. -2iafiun eg.ation
suggested in Ref. 27 are appre~iably lower than the remaining O, data shown
in Fig. 10,

§§Prevxoua measurements at this cemperature but in the presence of some diffusiona?
limitation also showed that, at constant flow rate and pressure lnvel, the oxidation
rate of tungsten increased linearly with oxygen atorm mole fraction, These mear-
urements were mac: prior to the addition of the second 12 liter/sec vacuum pump
(cf. Footnote, p. 4) 8
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range is due to direct attack by a kidasal-type mechanism (:.1. Eqs. 1,2} rather
than merely i.e result of an increared steadv state oxygen adatom covexase

associated with an increased sticking pro’ .oility.

At temperztures 2hoie 1600°% departures from simple Asrrlenius behavior
occur for both the O-atom and O, oxidation probabilities. As in the case of
molybdenum, these depariures are most likely related to shifts in the relative
importance of the reaction products (WO,;, WO,). These and other 2cpects of
the kinetics of high temperature tungsten oxidation are currently undevr investi.

gation.
3. PLANS

During the next reporting period we plan to direct our efforts as follows:

a. extend the range of temperatures and partial pressures over which
data for molybdenury ard tungsten oxidation by O, and O-atoms is now

available.

b. study the predicted relation between the oxidation ard recombination

probabilities for O-aioms on both molybdenum and tungsten

c. study th. kinetics of excited oxygen molecule attack of both molybdenum

and tungsten

d. perform exploratory tests of the effec: of O-atoms on the kinatics of

oxidation of other materials

e. extend our critical analysis of existing kinetic data for 0, attack of
refractory metals, with particular aitention to the role of diffusion
in falsifying the kinetics. Continue reduction of available into.iation

to a common basis for comparison and the prediction {ire .,

~2
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4. PUBLICATIONS

During the present reporting pariod Refs. 1 and 2 were prepared. In addition,
Ref. 17, supportea in part by the present contract, appeared ir print,
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